Abstract-We present the first demonstration of a wireless transmission link based on uni-traveling carrier photodiodes (UTC-PDs) as transmitter and receiver. In this demonstration, a UTC-PD was used at the transmitter to generate a 1-Gbps ON-OFF keying data signal at a carrier frequency of 61.3 GHz by heterodyning two modulated optical tones originating from an optical frequency comb system. The generated electrical heterodyne signal was transmitted, using a 25-dBi gain parabolic antenna. An identical antenna was used to detect the signal at the receiver, followed by an optically pumped UTC-PD mixer to down-convert the received RF signal to an intermediate frequency of 6.3 GHz, which was subsequently amplified and acquired by a real-time oscilloscope for offline processing. The recovered data showed an open eye diagram, and a bit error rate of the order of 10 -5 was measured. The receiver UTC-PD was characterized in terms of its conversion loss and noise figure (NF), and the overall NF of the receiver was measured at 21.5 dB.
I. INTRODUCTION
T HE Global mobile data traffic is expected to reach 49 Exabyte per month by 2021, which is a 7-fold increase compared to 2016 [1] . Such a dramatic increase in data traffic will be impossible to cope with using the current 4G technologies, especially with the rapid rise of new applications that require very low end-to-end latency in Machine to Machine (M2M) communications and the Internet of Things (IoT) [2] , which will account for about 29% of connected devices in 2021 [1] . Consequently, the International Telecommunication Union (ITU) has defined a set of requirements for the next generation of mobile commu- nication systems (5G) in terms of data rate, capacity, latency, quality of service (QoS), and energy efficiency [3] . The 5G network is expected to deliver speeds of the order of Gbps. Hence, it cannot rely on the current low frequency bands (<3 GHz) as they do not offer wide enough bandwidth to support such high data rates, and are almost fully occupied by other communication systems, such as mobile, broadcast and satellite services [4] . As a result, researchers have been exploring millimetre waves (MMWs) because of the abundance of spectrum in the MMW range (30 GHz-300 GHz) which will allow for high speed communications even at low spectral efficiency. Another advantage of moving to the MMW range is that at such high frequencies the antenna size becomes smaller, and it becomes practical to develop integrated antenna arrays [5] and enjoy the benefits of the massive multiple input multiple output (MIMO) [6] . Moreover, the high propagation losses in the MMW range limit the effective communication distance to about 200 m [7] , making it more secure and allowing for more frequency reuse.
MMW generation is a research area that involves two competing technologies: electronics and photonics. With the electronic techniques, MMWs can be generated directly from high frequency diode-or transistor-based sources or indirectly from a low frequency source followed by frequency multiplication stages [8] . The issue with the latter approach is that it can be costly and complex to implement [9] . On the other hand, photonic techniques can generate high data rate, low phase noise, and spurious free signals [10] with ultra-wide tunability, and can be easily integrated with the existing fiber networks where transmission loss is low [11] .
Several photonic techniques for MMW generation have been demonstrated, including [12] , [13] : photomixing (optical heterodyning) with two laser diodes, optical frequency combs (OFC), direct intensity modulation, optical external modulation, mode locked laser diodes (MLLD), nonlinear effects in waveguides and fibers, and Brillouin fiber lasers. These methods use a photodiode for the optical to electrical conversion, by which it generates an electrical signal at a frequency that is defined by the spacing between the optical tones, as mathematically explained in [9] . In this context, the uni-traveling carrier photodiode (UTC-PD) is commonly used at frequencies above 100 GHz because of its superior performance as a MMW emitter in terms of high emitted power and the high bandwidth (−3 dB bandwidths of This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ up to 310 GHz have been demonstrated using this type of photodiode) [14] .
MMW receivers typically comprise an antenna to detect the radiation, a low noise preamplifier to boost the signal power and increase the receiver sensitivity, and, finally, an MMW detector, which can be a direct or a heterodyne detector [15] . While direct detection is based on diode rectification (envelope detection), heterodyne detection is based on mixing the received signal with a local oscillator (LO) to down-convert it to a low intermediate frequency (IF) [16] . Superconductor-insulatorsuperconductors (SIS), hot electron bolometers (HEB) and Schottky diode mixers are common detectors [8] . Recently, the UTC-PD has been demonstrated as an optically pumped mixer at frequencies up to 600 GHz [17] . However, this demonstration used an unmodulated signal with only 100 Hz of IF detection bandwidth which is not enough for communications purposes.
An UTC-PD mixer offers important advantages compared with currently available mixers. For example, unlike SIS and HEB mixers that typically require cooling to low temperatures, a UTC-PD mixer works at room temperature. Also, it offers very wide frequency tuning up to sub-terahertz frequencies without requiring an electronic LO, which is a limitation in Schottky mixers. Finally, the UTC-PD can be monolithically integrated with lasers and modulators on InP substrates [18] and easily integrated with fiber networks as it is optimized to work in the optical communications window at 1550 nm.
The 60 GHz band is particularly interesting for 5 G because it contains at least 7 GHz of unlicensed spectrum in many countries [19] which allows for multi-Gbps communications. However, the presence of oxygen absorption peak at 60 GHz, attenuates the signal power significantly (15 dB/km) in this frequency band [5] . Also, heavy rain results in additional attenuation due to scattering, since raindrops are of a similar size to the wavelength of the MMW signal [5] . Furthermore, 60 GHz signals cannot penetrate concrete walls [20] . Consequently, the 60 GHz band is more suitable for short distance indoor communications. Potential applications in this frequency band include: HD video streaming, file transfer, and wireless Gigabit Ethernet [19] .
In a previous work [21] , we demonstrated a UTC-PD-based wireless receiver at 33.5 GHz. In this work, we present the first demonstration of MMW transmission link based on UTC-PDs in the transmitter and the receiver. We realized a 61.3 GHz wireless transmission link implementing a UTC-PD at the transmitter for MMW signal generation, by heterodyning two modulated optical tones originating from an OFC system. Optical signal modulation was realized using a Mach-Zehnder modulator (MZM) driven by a 1 Gbps on-off keying (OOK) signal. The 61.3 GHz signal was transmitted wirelessly using a 25 dBi gain parabolic antenna before being detected by an identical receiver antenna. At the receiver, a UTC-PD was pumped by optical tones from two free running lasers spaced by 55 GHz to down convert the received signal to an IF of 6.3 GHz, where it was captured for offline processing.
The recovered data showed an open eye diagram, and a bit error rate (BER) of the order of 10 −5 was measured. The conversion loss and noise figure (NF) performance of the receiver UTC-PD mixer are also presented. This experiment demonstrates the capabilities of the UTC-PD as an emitter and a detector of MMWs, which is an important step towards realizing photonic integrated transmitters and receivers. In fact, the UTC-PD has already been integrated with lasers, electro-optical modulators, and semiconductor optical amplifiers (SOAs) on a single photonic integrated circuit (PIC), and has been successfully demonstrated as a photonic integrated MMW transmitter in a 100 Mbps wireless link at 90 GHz [22] . The findings of our experiment show that the same PIC could be used as a MMW detector, and this would establish that a photonic integrated transceiver is feasible, which will offer a low-cost, high data rate and energy efficient solution for 5G.
The rest of the paper is organized as follows. Section II shows UTC-PDs characterization results in terms of photocurrent responsivity and frequency response. Also described are the opto-electronic mixing procedure in the receiver UCT-PD, its conversion loss optimization, and its NF measurement. In Section III, we describe the experimental system for the transmitter and the receiver in detail, and present the experimental results as well as the NF measurements of the entire receiver. Finally, we conclude this work in Section IV.
II. UTC-PD CHARACTERIZATION
The UTC-PD based transmission link presented in this work uses two UTC-PDs: The first UTC-PD, which has dimensions of 3 × 15 µm 2 , uses optical heterodyning to generate the MMW at the transmitter, while the second UTC-PD, which has dimensions of 4 × 15 µm 2 , is used as an opto-electronic mixer at the receiver. The epitaxial structure of the devices is detailed in [23] .
First, both UTC-PDs were characterized in terms of their photocurrent for different values of voltage bias, while the optical power injected into the UTC-PDs was fixed at 14 dBm and 9 dBm for the transmitter UTC-PD and the receiver UTC-PD, respectively. The photocurrent versus voltage bias is plotted in Fig. 1 . It gives responsivities of 0.28 A/W and 0.2 A/W at −4 V for the transmitter and receiver UTC-PDs, respectively.
Then, the frequency response of the devices was measured using the heterodyne system shown in Fig. 2 , where optical signals from two free running lasers were coupled and injected into the UTC-PDs. The spacing between the two optical signals was swept from zero to 67 GHz, while the generated electrical heterodyne signals were extracted by a coplanar waveguide probe and measured using an electrical spectrum analyzer (ESA). The frequency responses of the devices are plotted in Fig. 3 at a voltage bias of −4 V (the figure also shows the frequency response of the receiver UTC-PD at a voltage bias of −0.2 V, which gives the optimum conversion loss as will be shown next).
The frequency response curves give 3 dB-bandwidths of more than 60 GHz and 35 GHz for the transmitter and receiver UTCPDs, respectively. This difference in bandwidth is attributed to the difference in the devices dimensions.
Next, the optoelectronic mixing characteristics of the receiver UTC-PD were studied using the system shown in Fig. 2 , by applying a 61.3 GHz signal -from a signal generator -with a power of −11 dBm as measured at the input of the UTC-PD probe. Optical tones from two free running lasers were injected into the UTC-PD, and their spacing was swept between 50.3 GHz and 61.3 GHz, and the power of the generated IF was measured (Fig. 4) , which is a down-converted version of the RF signal at a frequency equal to the difference between the RF and generated electrical heterodyne. Fig. 4 shows that mixing efficiency depends on IF, and that relativly high mixing efficiency occurs at 6.3 GHz.
The difference between the power of the incoming RF signal at the input of the UTC-PD and the power of the generated IF define the conversion loss of the UTC-PD mixer. As shown in [24] , the conversion loss is a function of the bias voltage and the power of the optical LO. To find the optimum conversion loss for this mixer, the voltage bias was swept from zero to −4 V while the optical LO power was fixed at 9.8 dBm, and the power of the 61.3 GHz RF was set to −11 dBm as measured at the input of the UTC-PD probe. Results are plotted in Fig. 5 , which shows that minimum conversion loss (39.3 dB) is obtained at −0.2 V, which is the point of maximum nonlinearity in the I-V curve in Fig. 1 . This is in agreement with the findings of [24] that best mixing occurs at maximum differential conductance. However, Fig. 5 exhibits a different behavior at higher bias voltage compared to that in [24] due to the different epitaxial structure of the UTC-PD used in this work.
Finally, the UTC-PD opto-electronic mixer was characterized in terms of its NF using the NF equation [25] :
where N o refers to the noise power density generated by the UTC-PD measured in dBm/Hz, G refers to the gain of the UTC-PD mixer (negative conversion loss) in dB, and finally the −174 dBm/Hz term is the thermal noise power spectral density at 290 K. The "Noise Meas" function in ESA was used to measure N o at 6.3 GHz both when the optical LO was OFF and ON. An LNA (gain = 32.8 dB) was added after the UTC-PD to amplify the UTC-PD generated noise to increase the measurement accuracy. 
III. A 60 GHZ UTC-PD BASED TRANSMISSION LINK

A. Transmitter Setup
The block diagram of the transmitter is shown in Fig. 6 , where a non-return-to-zero (NRZ) 1 Gbps OOK pseudo random bit sequence (PRBS) data signal with a length of 2 11 -1 was emitted at 61.3 GHz by the 3 × 15 µ m 2 UTC-PD by heterodyning two modulated optical tones originating from an OFC system.
The OFC system generated a comb of lines centered at 1553.5 nm and spaced by 15.325 GHz, as shown in Fig. 6(a) . The comb was amplified by an erbium doped fiber amplifier (EDFA) with a constant output power of 20 dBm followed by a reconfigurable optical filter (Waveshaper) to select two optical lines spaced by 61.3 GHz (4 × 15.325 GHz) while suppressing all the other lines (suppression ratio > 37 dB), as shown in Fig. 6(b) . The total power of the two-tone optical signal at the output of the reconfigurable filter was measured at −4.3 dBm. An MZM, biased at V b = 6.7 V, was used to modulate the two optical tones with a 1 Gbps OOK data signal generated by a pattern generator. After that, the optical signal was amplified by an EDFA (output = 21 dBm). The optical spectrum of the modulated optical tones after amplification is shown in Fig. 6(c) , and the total power at the output of the EDFA was measured at 20.6 dBm. The EDFA was followed by a 1 nm-wide optical bandpass filter (OBPF) to reduce the amplified spontaneous emission (ASE) noise. Finally, the optical signal was coupled to a lensed fiber to illuminate the UTC-PD. The total power of the optical signal at the input of the lensed fiber was measured at 14 dBm, and the optical spectrum at this stage is shown in Fig. 6(d) .
The UTC-PD generated electrical heterodyne signal at 61.3 GHz, which was extracted by a V-band (50 GHz-75 GHz) coplanar waveguide probe with an integrated bias Tee applying a voltage bias of −4 V. A 60 GHz V-cable was used to send the extracted 61.3 GHz signal to the transmitter antenna, which is of the parabolic type with a gain of 25 dBi at 61.3 GHz. The electrical spectrum of the transmitted signal is shown in Fig. 6(e) , and the total power of the signal at this stage was −19.1 dBm. The signal was transmitted over 0.55 m of wireless distance (limited by the physical space available) before reaching the receiver antenna, which is identical to the transmitter antenna.
B. Receiver Setup
The block diagram of the receiver system is shown in Fig. 7 . It implements a UTC-PD in an optically pumped mixer configuration to down-convert the incoming 61.3 GHz data signal to a lower 6.3 GHz IF.
The optical LO was generated from two free running external cavity lasers spaced by 55 GHz. As shown in Fig. 7 , the two optical tones were coupled using an optical coupler, amplified by an EDFA (output = 17 dBm), filtered by an OBPF and injected into the UTC-PD using a lensed fiber. The total power of the optical signal at the input of the lensed fiber was measured at 9.8 dBm, and the optical spectrum at this stage is shown in Fig. 7(a) .
The total power of 61.3 GHz data signal at the receiver antenna was −35.4 dBm (Fig. 7(b) ). The received signal was amplified by a low noise amplifier (LNA) (gain = 35.9 dB, NF = 2.2 dB) followed by a bias Tee to provide the voltage bias (−0.2 V) to the UTC-PD. A DC to 65 GHz power divider was used to allow for the simultaneous supply of the RF signal to the UTC-PD and the extraction of the IF from the UTC-PD. The signal at the input of the receiver UTC-PD probe is shown in Fig. 7(c) , and its total power was measured at −6.6 dBm.
The extracted IF signal from the power divider was then amplified (gain = 35.4 dB, NF = 1.9 dB) and, finally, captured by the real-time oscilloscope (RTO) for off-line processing. The RTO has a bandwidth of 36 GHz and a sampling rate of 80 Gsamples/second, and the length of the captured waveform is 10 µs, which is equivalent to 10,000 bits. The electrical spectrum of the acquired waveform is shown in Fig. 8 .
The offline digital signal processing (DSP) includes the following steps: signal filtering, digital down-conversion to the baseband, channel equalization using constant modulus algorithm (CMA), and envelope detection [26] .
The recovered data produced an open eye diagram, as shown in Fig. 9 . The number of errors in the recovered data was counted and found to be zero in a 10,000-bit transmission. To obtain more precise results, transmission was repeated 35 times, which corresponds to 350,000 bits, and the total number of errors obtained was 3, corresponding to BER of the order of 10 −5 , which will allow for error-free transmission when forward error correction (FEC) is employed. In this experiment the transmission distance was limited to 0.55 m, partly due to the absence of a power amplifier at the transmitter. In order to achieve longer transmission distances a similar experiment was conducted using 4 × 15 µm 2 and 3 × 15µm 2 UTC-PDs at the transmitter and the receiver, respectively, with a power amplifier installed at the transmitter (gain = 43 dB, NF = 0.9 dB). In the new setup the transmitter and the receiver antennas were intentionally misaligned to emulate a longer transmission distance. The distance between the antennas was 0.58 m, and extra attenuation introduced by antenna misalignment was measured at 38.7 dB which is equivalent to 86-fold increase in distance (d new = 50 m). The recovered data showed zero errors in a 10,000-bit transmission. Transmission was repeated 11 times, which corresponds to 110,000 bits, and the number of errors was zero, which suggests a BER of less than 10 −5 . Finally, all the components in the receiver were characterized in terms of their gain/loss and NF. A summary of these measurements is provided in Table I . Then, Friis formula [27] was used to calculate the receiver's overall NF:
where F tot is the total NF of the receiver, F n and G n are the NF and the gain of the nth stage, respectively. Calculations give an overall NF of 21.5 dB for the receiver. The data rates demonstrated in this paper were limited to 1 Gbps. This is partly due to the weak modulation depth of the MZM at the transmitter, which resulted in a low-power data signal (Fig. 6(e) ), and this limited the SNR of the generated signal, and so, the data rate. Amplifying the data signal at input of the MZM could help increase the modulation depth and the data rates. Also, the current configuration of the receiver can be optimized to allow for longer transmission distances and higher data rates. For example, the receiver implements a DC-65 GHz power divider to allow for the simultaneous supply of RF and the extraction of IF signals. However, this introduces losses to both signals and deteriorates the SNR. Further, it limits the operating frequency to 65 GHz. These limitations can be overcome by redesigning the waveguides of the receiver UTC-PD to create separate paths for RF and IF signals. Another major limitation is the high conversion loss of the UTC-PD mixer (39.3 dB), which requires further studies on optimizing its epitaxial structure to enhance its mixing efficiency, which will increase the sensitivity of the receiver and allow for higher data rates.
As a final remark, although this setup is not optimized it demonstrates a proof of concept of mixing in UTC-PD and how it can be useful in wireless receivers. In that regards, it was verified that mixing took place in the UTC-PD, and not somewhere else, like an LNA, for instance. This is because the optoelectronic mixing experiment described in Fig. 2 does not implement an LNA. Also, the frequency of the down-converted signal in Fig. 8 was tunable by adjusting the spacing between the two optical tones driving the receiver UTC-PD, and the power of this signal was dependent on the voltage bias on the receiver UTC-PD following the behavior shown in Fig. 5 .
IV. CONCLUSION
We successfully demonstrated a 1 Gbps OOK and a potentially 50 m long wireless link at 61.3 GHz implementing UTCPDs at the transmitter and the receiver. While the transmitter UTC-PD was driven by coherent optical tones from a frequency comb system, the receiver UTC-PD was driven by two free running lasers, featuring a simple and widely tunable receiver.
The current configuration of the receiver is partly limited by the power divider which introduces losses in the RF and the IF paths, and limits the operating frequency of the receiver to 65 GHz. These limitations can be overcome by redesigning the waveguides of receiver UTC-PD such that RF supply and IF extraction are done using two different probes.
This proof of concept experiment was done using nonintegrated components. As a future work, it is planned to integrate these components on a photonic chip, which could offer a low-cost, high data rate and energy efficient solution for 5G and future networks. Furthermore, this photonic based solution offers advantages compared to the existing electronic receivers, such as the low cost (as it does not require an electronic LO), the wide tunability, and the easy integrability with the existing fiber networks.
